We study the evolution of the quasiparticle dispersion with doping for the two-dimensional t-t 0 -t 00 -J model using the exact diagonalization technique and present a consistent theoretical analysis. Both calculations show that the flat region around ͑p, 0͒ does not exist at half filling, however, it appears in the underdoped regime and remains almost unchanged upon additional doping. [2] that is extensively considered in the studies of many other anomalous properties of the cuprate superconductors [3, 4] . The origin of the EVHS is thus of crucial importance in the search for the microscopic theory of hightemperature superconductivity.
One of the most intriguing advances in cuprate superconductivity is the recent observation of an extended Van Hove singularity (EVHS) near the Fermi surface in the angle-resolved photoemission spectroscopy (ARPES) of optimally doped Y-Ba-Cu-O [1] and Bi 2 Sr 2 CaCu 2 O 81d [2] that is extensively considered in the studies of many other anomalous properties of the cuprate superconductors [3, 4] . The origin of the EVHS is thus of crucial importance in the search for the microscopic theory of hightemperature superconductivity.
Theoretically, the flat region around ͑p, 0͒ was found [5] in the single-hole dispersion of the two-dimensional (2D) t-J model by using the self-consistent Born approximation (SCBA) to treat the scattering of a single hole with the spin waves of the Néel state [6] . Many numerical studies supported this result [7, 8] , and indicated that the quasiparticle dispersion of the t-J model is approximately independent of doping [9, 10] . On this basis, Dagotto et al. suggested that the EVHS is a consequence of the antiferromagnetic (AF) order [3] . However, recent photoemission experiments on differently doped Bi 2 Sr 2 Ca 12x Dy x Cu 2 O 81d [11] reported a strong dopingdependent quasiparticle band structure: the flat region around ͑p, 0͒ still remains in the underdoped regime at an energy of 200 meV below the Fermi surface, but disappears in the undoped regime where the photoemission spectra are similar to those from the AF insulator Sr 2 CuO 2 Cl 2 (Ref. [12] ) [i.e., the band energy at ͑p, 0͒ is 0.3 eV below the top of the valence band at ͑p͞2, p͞2͒]. These observations doubt the adequacy of the t-J model for the description of cuprate superconductors. The origin of the experimentally observed EVHS is still unclear.
The purpose of this Letter is to show that the 2D t-t 0 -t 00 -J model is a better starting point. In the literature, the model was introduced by Nazarenko et al. to reproduce the quasiparticle dispersion of insulating Sr 2 CuO 2 Cl 2 [13] [14] [15] . Whether it is fit for the cuprate superconductors is a current issue of physical interest [16, 17] . In this Letter, we calculate the doping dependence of the photoemission spectra for the model using the numerical exact diagonalization technique (ED) and propose a theoretical analysis in spirit similar to that of Dagotto et al., where the underdoped regime is presented as a gas of spin polarons. Our numerics unambiguously show that the evolution of the quasiparticle dispersion with doping is in excellent agreement with the ARPES data [11] . The photoemission spectra in the whole momentum space look more incoherent in the underdoped regime than in the undoped regime. Consistently, our analytical calculations indicate that the enhancement of the incoherent motion of holes, which is induced especially by the t 0 and t 00 terms, accounts for the formation of the EVHS. The antiferromagnetically induced spinpolaron picture provides indeed a natural description of the physics of the cuprates and a consistent way of interpreting the numerical and experimental results. The Hamiltonian considered here is
in the standard notation of the constrained Fermi operators. The angle brackets denote the first (͗ij͘ 1 ), second (͗ij͘ 2 ), and third (͗ij͘ 3 ) neighbor sites, respectively. The model parameters are fixed: t Ӎ 0.4 eV, J͞t Ӎ 0. [18] .
The photoemission spectrum (PES) is defined by
where E n 0 and 0 n are the ground-state energy and the wave function of the model with n holes, and E n11 n and n n11 are the energy and wave function of the yth eigenstate with n 1 1 holes. A͑k, v͒ is calculated using the standard Lanczos algorithm [19] with 500 iterations and an artificial broadening factor h 0.05t. The calculations are performed in the standard 16-and 18-site clusters. The results from these clusters agree with each other.
Figure 1(a) shows the PES of the 0-hole (half filling) and 2-hole ground states of the 16-site cluster. At half filling, there are three main features in the spectral functions: (i) The lowest energy state of the hole quasiparticle locates at ͑p͞2, p͞2͒ and the state at ͑p, 0͒ moves considerably to higher energy comparable with the bandwidth; (ii) the spectral weights near ͑p, 0͒ become quite weak and result in the difficultly resolved quasiparticle peaks in the ARPES experiments; (iii) the energy difference between the lowest PES peak at ͑p, 0͒ and that at ͑p͞2, 0͒ is ϳ0.4t. Coming to the 2-hole doped case, the PES reveals substantial changes of the band structure. The peaks near ͑p, 0͒ are shifted towards lower binding energy, and the spectral weights near ͑p, 0͒ increase simultaneously. Moreover, the lowest PES peak at ͑p, 0͒ stands at almost the same energy as that at ͑p͞2, 0͒. This feature remains in the 4-hole ground state and is considered as the signal of the presence of the flat region. The quasiparticle dispersion of the 16-site cluster is illustrated in Fig. 2 . Notice that we have shifted the ground-state energy at different doping to the same level (zero here), since the chemical potential is difficult to tell for such a small cluster. We believe that the shift will not change the physics concerned. The consistent results are obtained from the 18-site cluster as shown in Fig. 1(b) : The PES of the 4-hole ground state is similar to the PES of the 2-hole ground state in the whole momentum space, except for a slight energy shift of the shape lines. These numerics indicate that the quasiparticle dispersion evolves with doping in two different ways: first in an evidently nonrigid way until the flat region appears and then in an approximately rigid way upon doping.
To understand the physics of the doping induced band deformation, we perform an analytical calculation of the quasiparticle dispersion. The main assumption is that as long as the AF correlation length j AF is at least two lattice spacings, resembling the NMR experimental situation in YBa 2 Cu 3 O 6.94 [20] , the spin-polaron picture [3, 6, 21] found at half filling survives a finite hole density. In the normal state of the cuprate superconductors at low-hole doping, the direct interaction between holes is neglected. Many-hole effects are contained in the doping induced modification of the underlying spin correlations. In the formal perturbation theory, the first-order matrix element of the kinetic energy is given by [22] 
Note that I ij 0͑1͒ for the t͑t 0 , t 00 ͒ term in the Néel state. This means that the t 0 and t 00 terms contribute precisely to the coherent motion of holes since transferring a hole to a The ED results of the quasiparticle dispersion for the t-t 0 -t 00 -J model in the 16-site cluster. Note that we report the electron spectrum which is related to the hole spectrum in Fig. 1 by the transformations k ! k 1 ͑p, p͒ and v ! 2v. second-or third-nearest neighbor does not distort the AF background, while the t term connects the hole motion only with the emission of the spin excitations. However, if the neighboring spins are not completely antiparallel, i.e., they have nonzero overlap, the doped holes can hop coherently onto the opposite sublattice and result in the experimentally observed and numerically obtained asymmetry of the quasiparticle dispersion between k and k 1 Q, where Q ͑p, p͒ [12, 14, 21, 23] . Meanwhile, the spins on the same sublattice no longer align perfectly along the same direction; as a result, the t 0 and t 00 terms can enhance the emission of the spin excitations, thus contributing to the hole-spin-wave coupling function M kq . To mimic this, in our previous paper we have analytically derived an effective spin-polaron Hamiltonian of the form [21] 
where h and b, are the spinless fermion and magnon operators, respectively. v q 2J q 1 2 g 2 q is the linear spin-wave spectrum. The bare hole dispersion has the form [21] e
where the renormalization factors C 1 , C 2 , and C 3 are I ij for ͗ij͘ 1 , ͗ij͘ 2 , and ͗ij͘ 3 , respectively. g k 
where u q , y q are the Bogolubov transformation parameters of the linear spin waves [6] . Figure 3 (a) shows our analytical results using the SCBA [6] in a 16 3 16 square lattice. The values of the spinspin correlation function in Eq. (3) are phenomenologically replaced by our ED results for the t-t 0 -t 00 -J model (see Table I ). Note that, at half filling, ͗S (Fig. 3 in Ref. [11] ) and the numerical results (Fig. 2) . As shown in Table I , C 2 and C 3 are much reduced as the AF order is depleted, thus decreasing the influence of the t 0 and t 00 terms on the bare hole dispersion. Consequently, the band energy at ͑p, 0͒ moves with respect to the Fermi energy from large to small as the hole density grows. Nevertheless, the t 0 and t 00 terms in Eq. (5) cannot be renormalized towards zero even at high doping since the minimal value of C 2 or C 3 is 0.25. At this point, if the t 0 and t 00 terms contributed only to the coherent motion of holes (i.e., not included in the hole-spin-wave coupling function, M kq ), the flat region would no longer exist, as shown in Fig. 3(b) . Therefore, the t 0 and t 00 terms weaken the spin correlation, enhance the incoherent motion of holes, and lead to the formation of the EVHS in the cuprate superconductors. This is consistent with the ED situation ( Fig. 1) , where the PES looks more incoherent in the underdoped regime than in the undoped regime. Another interesting result in Fig. 3(a) is the rigidity of the EVHS about ͑p, 0͒. That is, once the flat region has already formed, it tends to stay there upon additional doping. This can be intuitively understood according to the above interpretation since higher doping will further weaken the spin correlations. It also gives a natural interpretation as to why the quasiparticle band of the t-J model is so rigid. In Fig. 3(a) , the flat region appears at the small hole concentration x ϳ 0.06, and the quasiparticle band from x ϳ 0.11 (the underdoped regime) to 0.22 (near optimal doping [24] ) remains almost unchanged. This feature (i.e., approximate rigidity of the quasiparticle dispersion over such a wide range of doping from underdoped to optimally doped) implies that many theoretical predictions based on the t-J model survive in the t-t 0 -t 00 -J model. In summary, we calculate the photoemission spectra for the differently hole doped 2D t-t 0 -t 00 -J model by using the numerical and analytical approaches, and show that the experimentally observed two-step evolution of the quasiparticle dispersion with doping is reproduced in this basic model. The formation of the EVHS is a consequence of the enhancement of the incoherent motion of holes induced especially by the t 0 and t 00 terms. We are grateful to E. Dagotto, A. Nazarenko, H. Q. Lin, J. X. Li, M. R. Li, and Y. J. Wang for their helpful discussions and suggestions. This research was supported by the National Natural Science Foundation of China and the Research Grants Council of Hong Kong.
